A torch type microwave-induced afterglow plasma was produced at atmospheric pressure using an open-ended fused silica concentric double tube assisted by Ar and O 2 supply gases. The plasma emerged from the end of the discharge tube and was exposed to ambient air. A parametric study of the plasma characteristics was performed by measuring the temperature, density, and plasma volume as the operational parameters such as microwave power, gas flow rate, and its composition were varied. The excitation temperature ͑T exc ͒ obtained from the Ar I emission spectrum ranged from 3010 to 4350 K and the rotational temperature ͑T rot ͒ measured from the OH and O 2 diatomic molecular spectra ranged from 2250 to 3550 K. The electron density ͑n e ͒ from the H ␤ Stark broadening width at the plasma core was in the range of 6.6 to 7.6ϫ 10 14 cm −3 . The two-dimensional distribution of T exc and T rot was also obtained. Experiments while varying the Ar and O 2 gas flow rate and the O 2 / Ar ratio showed that n e was reduced but T exc was increased as the O 2 flow rate was increased. Using an additional dielectric tube for shielding the plasma from the ambient air demonstrated a significantly enlarged plasma length and lower T rot due to the nitrogen entrainment, as compared to the unshielded case.
I. INTRODUCTION
Microwave discharges at atmospheric pressure have been studied intensively due to their many advantages. High electron density ͑over 10 14 cm −3 ͒, moderate neutral temperature ͑a few thousand K͒, and relatively low electron temperature ͑1-2 eV͒ are typical characteristics of the atmospheric pressure microwave plasmas. [1] [2] [3] [4] [5] From the application point of view, such characteristics are favorable to atomic spectrometry, decomposition of toxic gases like perfluorocarbon gas, and thermally resistible material processing. [5] [6] [7] In our previous report in which parameters of the plasma produced in a simple single dielectric tube were measured by optical emission methods, 4 the gas flow rate was one of the important conditions along with the microwave power. In this work, we investigated the temperature and density distribution as the flow rate and composition of the supply gas were varied. A modified discharge tube was used for efficient control of the plasma and for generation of more stable plasma using two different supply gases. The modified discharge tube consisted of two concentric dielectric tubes in which the inner dielectric tube supplied the vertically injected Ar gas and the outer dielectric tube provided a swirl flow of O 2 gas for discharge assistance. This type has been widely used in the inductively coupled plasma torch for atomic spectrometry. Such a configuration assures the plasma stabilization through thermally isolating the plasma from the outer confinement tube or the ambient air. 8 The oxygen gas not only reduces plasma-wall interaction but also helps oxygen radical generation useful for particular applications. This paper reports experimental results of a parametric study of atmospheric plasma characteristics. Plasma parameters were measured by optical emission spectroscopy ͑OES͒ by varying the operation conditions such as microwave power, gas flow rate, and gas composition ratio. In addition, the ambient air effects on the plasma volume and the rotational temperature were also studied. The results show that plasma parameter control is possible through the operation conditions. Figure 1 shows a schematic view of the atmospheric pressure microwave-induced plasma setup under study. It consists of a 2.45 GHz microwave source, WR-284 waveguide components, and a field applicator. To maintain the reflected power below 1% of the forward power, a three stub tuner was used. The reflected power was dumped to the water load through the circulator. The forward power and the reflected power were monitored by a directional coupler and Schottky power detectors.
II. EXPERIMENTAL SETUP
As illustrated in Fig. 2 , the field applicator for producing stable plasma was made of a coaxial-type fused silica double tube that was inserted perpendicular to the wide wall of the waveguide. The inner diameter of the outer and the inner tubes was 1.8 and 1.3 cm, respectively. The inner tube was inserted up to the bottom surface of the waveguide. Argon and oxygen gases were introduced separately through the coaxial tubes. The distance from the upper side of the waveguide surface to the outer tube end was 3 cm. A water-cooled a͒ Present address: Samsung Electronics, Korea.
b͒ Author to whom correspondence should be addressed. Electronic mail: wchoe@kaist.ac.kr copper choke was installed on the waveguide to prevent microwave leakage and to cool the tube in the presence of plasma, although some measurements were performed without the choke. The tube was located at a quarter g ͑wave-length of the microwave in the waveguide͒ away from the terminated end of the waveguide where the electric field intensity was maximum. A small fraction ͑Ͻ1%͒ of H 2 was mixed with Ar and the mixed gas was introduced through the tube bottom. The hydrogen was for observing the Balmer H ␤ line needed for electron density measurement. Figure 2͑b͒ shows a photograph of the produced plasma and the system dimensions when the microwave cutoff conductor ͑choke͒ was removed. The O 2 gas was provided in a swirling flow through the asymmetrically attached tube stem. Measurement of the plasma parameters was performed by the optical emission spectroscopy method. The optical system was composed of a lens for a 1:1 plasma image on a screen, a spectrometer ͑Chromex 250is: 1200 grooves/ mm, 600 grooves/ mm͒, and a charge coupled device ͑CCD͒ detector. The observation position designated as ͑r , z͒ in Fig.  2͑a͒ was moved in increments of 0.1 cm along the radial 
III. RESULTS AND DISCUSSIONS

A. Spatial measurements of plasma parameters
Details of the optical emission diagnostics for measuring the excitation temperature, the rotational temperature, and the electron density were reported previously, 4 and only a brief sketch is given here. The Ar excitation temperature ͑T exc ͒ was obtained from the slope of the Boltzmann plot of the measured Ar I line intensities. [9] [10] [11] The value of T exc provides information on the atomic excitation by electron collisions. In addition, T exc generally lies between the gas temperature and the electron temperature and shows the same tendency as the electron temperature. 12, 13 On the other hand, the gas temperature ͑T gas ͒ was determined by measuring the rotational temperature ͑T rot ͒, which was measured by analyzing the diatomic molecular spectra, since the frequent collisions between heavy particles can equilibrate T gas and T rot in atmospheric pressure plasmas.
14 As the plasma was produced in ambient air, OH molecular lines ͑A 2 ⌺ + , =0→ X 2 ⌸, Ј = 0, 306-310 nm͒ were observed in the emission spectrum due to the water molecules in the air and impurities in the Ar feed gas. Especially, as O 2 was added to the plasma in this work, the O 2 diatomic molecular spectrum ͑b
, 758-772 nm͒ was observed and used for the T rot measurement. The rotational temperature was obtained by comparing the synthetic diatomic molecular spectra with the measured spectra using a relatively low resolution spectrometer. 14, 15 On the other hand, the electron density ͑n e ͒ was measured by the Stark broadening width of the Balmer H ␤ line that was emitted from the plasma. Based on the Stark broadening theory, 16, 17 n e in a high-pressure plasma is related to the broadening width as 18 n e ͑cm −3 ͒ = 8.02 ϫ 10 12 ͑⌬ 1/2 / ␣ 1/2 ͒ 3/2 , where ⌬ 1/2 ͑Å͒ is the full width at half maximum of the spectral line profile, and ␣ 1/2 is the reduced wavelength ͑Å/cgs field strength͒, which is tabulated in Ref. 16 . A small amount ͑Ͻ1%͒ of H 2 was mixed with Ar 
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and the mixture was introduced into the plasma to obtain a measurable level of H ␤ emission intensity. To obtain accurate values of the Stark broadening width, both Doppler broadening and instrumental broadening were taken into account by implementing a deconvolution process. Using the aforementioned optical methods, plasma parameters were measured at fixed flow rates of Ar and O 2 at 4 liters per minute ͑lpm͒, respectively, and Fig. 3 shows the result. The electron density obtained was ͑6.6− 7.6͒ ϫ 10 14 cm −3 in the core section of the plasma denoted as ͑r , z͒ = ͑0,0 cm͒ and ͑0,1 cm͒, and it increased with microwave power. In the other regions of the plasma, however, the H ␤ line intensity was not strong enough to determine n e . Figures 3͑b͒ and 3͑c͒ depict the axial profile of T exc and T rot at different microwave power levels, respectively. Farther away from the microwave field applicator, lower temperatures were obtained. The excitation temperature T exc was higher at higher input power because more energy was absorbed from the more intense microwave field. The rotational temperature T rot was also increased because of collisions between heavy particles and energetic electrons. Through the axial and radial observations of the emission spectra, twodimensional temperature profiles at 600 W, 4 lpm of Ar, and 4 lpm of O 2 were obtained as shown in Fig. 4 . Right above the waveguide, T exc Ϸ 4500 K and T rot Ϸ 3600 K, respectively. Both temperature profiles were radially symmetric and centrally peaked due to the ambient air and the axial gas flow. The excitation temperature shows a relatively low temperature outside ͑above͒ the discharge tube ͑z Ͼ 3 cm͒ due to rapid convection cooling by the ambient air.
B. Gas flow rate and flow composition effects on the plasma
In an atmospheric pressure microwave-induced plasma, the supply gas flow rate along with the microwave power are very important control parameters for the discharge. 4 At a fixed microwave power of 700 W, the total gas flow rate with the same Ar and O 2 flow rates was varied from 2 lpm up to 12 lpm. On the other hand, the O 2 / Ar ratio was changed at fixed total gas flow of 8 lpm. In the discharge system, since O 2 was introduced with a swirling flow, it played the role of reducing the interaction between the plasma and the dielectric wall. Figure 5 describes the discharge dimension dependence on the gas flow rate, where the length and the width of the plasma are denoted as L and D, respectively, as defined in Fig. 2͑b͒ . As the total gas flow rate was increased, the plasma volume increased until the flow rate reached 7 − 8 lpm, but afterwards, the volume rather decreased due to the plasma width contraction by the fast O 2 swirling flow ͓Fig. 5͑a͔͒. At around 8 lpm, the discharge volume had a maximum value. In the case of increasing the O 2 / Ar ratio, however, the FIG. 6 . T rot dependence on ͑a͒ the total flow rate and ͑b͒ the O 2 / Ar ratio. It is seen that T rot weakly depended on the O 2 / Ar ratio.
FIG. 7.
T exc and n e dependence on ͑a͒ the total flow rate and ͑b͒ the O 2 /Ar ratio. As the total flow rate was increased, n e increased due to the increase of Ar neutrals, but T exc decreased due to the increase of n e at fixed input power. On the other hand, n e and T exc showed the opposite tendency as the O 2 /Ar ratio was increased. plasma length increased until the ratio was unity and then saturated. On the other hand, the plasma width increased due to the shielding from the air influx by the O 2 swirling flow and then decreased due to the plasma column constriction by too much O 2 introduction. Therefore, the plasma volume strongly depended on the O 2 fraction as shown in Fig. 5͑b͒ . Under the same experimental conditions, the plasma parameters were measured at a fixed position ͑r , z͒ = ͑0,3 cm͒. As seen in Fig. 6͑a͒ , T rot had a maximum value at 7 lpm of the total flow rate. It is thought that the plasma in the microwave-driven region inside the waveguide did not reach the measurement position below 7 lpm, and on the other hand, the convection cooled down the plasma above 7 lpm. From the fact that both T rot and the plasma volume reached maximum at 7 − 8 lpm, it is expected that the plasma became most stable at this flow rate. As the O 2 / Ar ratio was varied with the total flow rate fixed at 8 lpm, T rot remained almost constant but slightly decreased with higher O 2 flow as shown in Fig. 6͑b͒ . This is because neutral heating was reduced by the decreased n e that was attributed to the high electron affinity of oxygen.
While T rot was rather weakly dependent on the gas flow, n e and T exc strongly depended on both total flow rate and O 2 / Ar ratio. As shown in Fig. 7͑a͒ , n e significantly increased up to a flow rate of about 8 lpm and decreased thereafter. On the other hand, T exc decreased as the total flow rate was increased. It was due to the increase of Ar neutrals, which are easier to ionize than oxygen. In turn, the increase of n e brought about the decrease of T exc at the same input power. As the O 2 / Ar ratio increased, n e decreased due to the decreased Ar neutral density and high oxygen electron affinity, and T exc increased because of the n e decrease ͓Fig. 7͑b͔͒. In this case, O 2 ionization did not seem to be significant at the measurement location ͑r , z͒ = ͑0,3 cm͒ despite the increase of O 2 flow. The results given in Fig. 7 demonstrate that n e and T exc can be controlled by the flow rate and the O 2 /Ar ratio.
C. Ambient air effects
Because the plasma was produced in the open air, it was expected that the ambient air could influence the plasma. Figure 8͑a͒ describes the experimental setup where a fused silica tube ͑inner diameter 4.6 cm, length 30 cm͒ was used in addition to the setup shown in Fig. 1 for shielding the plasma from the ambient air. When the shielding tube was brought to the surface of the cutoff conductor to reduce the air contact of the plasma, the plasma length significantly increased due to the reduced interaction between the plasma and the ambient air, as clearly depicted in Fig. 8͑b͒ . However, in the presence of a small gap in the joint part between the shielding tube and the cutoff conductor to allow the air flow into the discharge region, the plasma showed a similar appearance to the unshielded case. The air flow was also checked by introducing some smoke into the plasma through the gap. Figure 9 shows the ambient air effect on T rot at 700 W and ͑r , z͒ = ͑0,5 cm͒ for various Ar and O 2 flow rates. In both cases, the temperature dependence on the flow rates was similar regardless of the presence of the shielding tube. On the other hand, T rot of the unshielded case was observed to be higher than that of the shielded case by about 300 K, suggesting that the entrainment of nitrogen has a significant influence on increasing the neutral particles in the plasma. It was also seen in other microwave-induced atmospheric pressure argon plasmas such as Torch with Axial gas Injection ͑TIA͒. 19 Their understanding is that the entrained nitrogen in the plasma is converted into N 2 + via charge transfer with argon ions ͑Ar + +N 2 → Ar+ N 2 + ͒ due to the almost equal ionization potential for argon ͑15.76 eV͒ and molecular nitrogen ͑15.58 eV͒. The N 2 + ion is consequently destroyed to become two nitrogen atoms by dissociative recombination ͑N 2 + + e − → N+N͒. These nitrogen atoms provide energy to increase T rot since they have a relatively high kinetic energy via exothermic dissociative recombination reactions. The radial profile of T rot was measured for both cases at a distance of 5 cm from the waveguide ͑z =5 cm͒, and the result is shown in Fig. 9͑c͒ . In the shielded case, the decrease of T rot was larger as the radius increased. This was due to the shielding tube causing an additional heat loss to the tube wall via conduction and the reduction of the aforementioned gas heating due to the reduced amount of entrained nitrogen.
IV. SUMMARY
A stable plasma was produced in an open-ended coaxial dielectric tube at atmospheric pressure in ambient air using a 2.45 GHz microwave system, and OES was performed to measure the spatial distribution of T exc , T rot , and n e . In the operating range of 550− 700 W with Ar and O 2 at 4.0 lpm each, it was found that 3010Ͻ T exc Ͻ 4350 K, 2250Ͻ T rot Ͻ 3550 K, and 6.6ϫ 10 14 cm −3 Ͻ n e Ͻ 7.6ϫ 10 14 cm −3 . The two-dimensional profiles of T exc and T rot were centrally peaked because of the concentric electric-field pattern and the swirling O 2 flow. Varying the total gas flow rate from 2 to 12 lpm and the O 2 / Ar flow ratio from 0.15 to 3.0, the plasma parameters were also measured. From the results, it was shown that T exc and n e strongly depended on the flow rate and O 2 / Ar ratio, but T rot rather weakly depended on them.
Since the plasma was produced in the open air, the ambient air effect was also investigated by using a dielectric shielding tube. For the case of reduced contact with the ambient air, the plasma volume was enlarged by a factor of 2. In addition, T rot decreased by about 300 K due to the reduced interaction with the air. From the result, it was demonstrated that the parameters of the atmospheric pressure microwaveinduced plasmas such as T exc , T rot , n e , plasma length, etc. can be controlled by the operation conditions such as input power, supply gas flow rate, gas flow ratio, and interaction with the ambient air.
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